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Abstract. Parkinson’s disease (PD) is a neurodegenerative disorder that is characterized by loss of dopaminergic neurons
in the substantia nigra pars compacta, depletion of dopamine in the striatum and the presence of Lewy bodies. Cancer is
uncontrolled growth of cells in the body and migration of these cells from their site of origin to other parts of the body. PD and
cancer are two opposite diseases, one arising from cell proliferation and the other from cell degeneration. This fundamental
difference is consistent with inverse comorbidity between most cancers and neurodegenerative diseases. However, a positive
association of PD and melanoma has been reported which has recently become of significant interest. A link between PD
and cancer has been supported by many epidemiological studies, most of which show that PD patients have a lower risk of
developing most cancers than the general population. However, the mechanisms underlying this epidemiological observation
are not known. In this review we focus on epidemiological studies correlating PD and melanoma and the possible mechanisms
underlying the co-occurrence of the two diseases. We explore possible explanations for the important observations that more
PD patients develop melanoma that would otherwise be expected and vice-versa.

Keywords: Parkinson’s disease, melanoma, melanin, neuromelanin, tyrosine hydroxylase, tyrosinase, levodopa, genetic
factors, pesticides

ABBREVIATIONS

BAP1 BRCA1 Associated Protein 1
BRAF v-raf murine sarcoma viral oncogene

homolog B1
CDK4 Cyclin-dependent kinase 4
CDKN2A Cyclin-dependent kinase

inhibitor
CM Cutaneous melanoma
CNS central nervous system
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DA dopamine
DCC DCC netrin1 receptor
DOPA 3, 4-dihydroxyphenylalanine
EGF Epidermal growth factor
ERBB4 Erb-B2 Receptor Tyrosine Kinase
GNAQ Guanine nucleotide-binding proteinG(q)
GSTM1 glutathione S-transferase M1
iNOS Inducible NO synthase
KIT KIT Proto-Oncogene Receptor Tyrosine
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LOH Loss of heterozygosity
LRRK2 Leucine rich repeat kinase
MAPK2 Mitogen-activated protein kinase 1
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PD Parkinson’s disease
PINK1 Pten-induced kinase 1
PNS Peripheral nervous system
PTEN Phosphatase and Tensin Homolog
SN Substantia nigra
SNpc Substantia nigra pars compacta
TH Tyrosine hydroxylase
TP53 Tumor protein p53
TRPM7 Transient receptor potential melastatin 7
TYR Tyrosinase
UCH Ubiquitin carboxyl-terminal hydrolase L1
UVR Ultraviolet radiation
VDR Vitamin D receptor

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
disorder that is characterized by loss of dopamin-
ergic neurons in the substantia nigra pars compacta
(SNpc). In addition, PD is associated with depletion
of dopamine (DA) in the striatum and the presence
of Lewy bodies (LBs) as proteinaceous inclusions in
the cytoplasm of surviving neurons. These neurons
are melanin positive and the LBs are predominantly
composed of fibrillary �-synuclein [1, 2]. Cancer
is characterized by two main features: uncontrolled
growth of cells in the body and migration of these
cells from their site of origin to other parts of the
body by a phenomenon known as metastasis. Cancer
and PD can be considered as opposite diseases, one
arising from cell proliferation and the other from cell
degeneration. Despite this apparently fundamental
difference, which is consistent with inverse comor-
bidity between most cancers and neurodegenerative
diseases, a positive association of PD and certain
cancers has recently become of significant interest
[3–6].

A link between PD and cancer has been supported
by many epidemiological studies, most of which have
shown that PD patients have a lower risk of develop-
ing most cancers than the general population. The
risk of dying from cancer is lower in PD patients
than in the general population. This suggests that, like
Alzheimer’s and Huntington’s disease, PD apparently
offers some kind of protection against certain cancers.
Remarkably, however, PD patients have a signif-
icantly higher risk of developing melanoma (HR,
2.75; 95% CI, 1.35–5.59) [7]. The increased risk for
melanoma found in this study (3.6; 95% CI, 2.2–5.6)
was comparable with what was seen in the DATATOP

(3.3; 95% CI, 1.1–7.8) but significantly lower than
in the PRECEPT study (20.9; 95% CI, 9.6–39.7)
[8]. The mechanisms underlying this epidemiolog-
ical observation are not known. In this review we
focus on epidemiological studies correlating PD and
melanoma as well as on the possible mechanisms
underlying the co-occurrence of the two diseases. We
explore possible explanations for the important obser-
vations that more PD patients develop melanoma that
would otherwise be expected and vice-versa.

EPIDEMIOLOGY OF PD AND
MELANOMA

In the United States, 1.5 million Americans are
currently living with PD and 60,000 new cases of
PD are diagnosed each year [9]. The risk of devel-
oping PD increases steeply over the age of 60 and
is around 0.3% at 75–80 years of age [10]. It is
the second most common neurodegenerative disease
after Alzheimer’s disease. It is expected that due to
the general aging of the population, the number of
PD patients will double by 2030 [11]. Based on a
meta-analysis, it has been reported that prevalence
of PD rose from 107/100,000 persons between ages
50 and 59 years to 1087/100,000 persons between
70 to 79 years [12]. PD is more common in men
than in women. The male-to-female ratio is about 1.5
[13–15].

Melanoma is a malignant tumor of melanocytes,
which are melanin producing cells of the skin. The
incidence of melanoma has increased during the last
4 decades in many countries [16]. The incidence of
melanoma is increasing continuously and its esti-
mated annual percent change (EAPC) is currently
2.9% per year in the United States [17].

Co-existence of PD and melanoma

A large number of epidemiological studies have
reported a co-occurrence of PD in melanoma patients
and melanoma in PD patients, and the incidence
is significantly higher than expected [16–21]. The
largest prospective study of melanoma in PD so
far involved a total of 2,106 patients with a mean
age of 68.6 years, 85 of whom were receiving lev-
odopa. It was found that in these patients age-
or sex-adjusted relative risk of any melanoma was
more than seven times than expected [21]. Another
large scale study demonstrated that the diagnosis of
melanoma is associated with a 50% increased risk
of the development of PD [18] and patients with
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PD had a two-fold increase in risk of developing
melanoma subsequently [19]. In another study that
included ∼160,000 people who did not have PD, it
was found that individuals who had a family his-
tory of melanoma were twice as likely to develop
PD in comparison to individuals who did not have
history of melanoma in the family [20]. A recent
clinical study has shown that in Phase I, patients
with PD had a 3.8-fold increased chance of having
melanoma that pre-existed as compared with con-
trols and in Phase II, patients with melanoma had a
4.2-fold increased risk for the development of PD.
Interestingly, patients who had melanoma without
PD had a 10.5-fold increased relative risk of dying
from metastatic melanoma compared with patients
who had melanoma along with PD [22]. It has also
been recently reported that the risk for the develop-
ment of melanoma was higher than expected in the
NET-PD LS-1 cohort with an overall standardized
event ratio of 3.6 (95% CI, 2.2–5.6) and this result
was similar to the risk reported in earlier comparable
clinical trial cohorts [8].

Common markers between PD and melanoma

Transcranial sonograms of the midbrain of PD
patients commonly show an extended echogenic
substantia nigra (SN), a pigmented region of the
midbrain, consistent with degeneration of dopamin-
ergic nigrostriatal projection neurons. An abnormally
extended echogenic SN was also observed in
melanoma patients, supporting a potential underly-
ing pathogenic pathway common to both diseases
[23]. Furthermore, melanoma patients exhibiting
abnormally echogenic SN demonstrated increased
prodromal motor and non-motor features typical
of PD, such asymmetric motor slowing, although
hyposmia and colour vision disturbance were not fre-
quently observed [24]. Higher echogenicity of SN in
melanoma correlated with lower serum iron, as also
observed for PD. Parkinsonism was most commonly
observed in patients with the lentigo-maligna type of
melanoma, typically located at head or neck areas
exposed to sun.

PIGMENTATION PLAYS AN IMPORTANT
ROLE IN PD AND MELANOMA

Melanin is a term used to describe a group of
natural pigments found in most organisms. It is
generated by the oxidation of the amino acid tyro-
sine, followed by its polymerization and is produced

in cells known as melanocytes. In human beings,
melanin determines the colour of skin and hair.
Individuals with darker skin produce more melanin
than individuals with a lighter skin. The process
by which melanin is synthesized in human skin is
called melanogenesis. In the brain, the pigment-
bearing neurons within the brainstem and in the SN
produce a pigment known as neuromelanin. Abnor-
malities in melanin are associated with skin cancers
like melanoma, whereas abnormalities in neurome-
lanin are associated with neurodegenerative diseases,
such as PD, suggesting that melanin and neurome-
lanin may play a role in vulnerability for both PD
and melanoma. The type and amount of melanin that
is produced are determined by pigmentation genes
[25, 26] such as those that encode tyrosinase (TYR),
located on chromosome 11, 11ql4-q21, and tyrosine
hydroxylase (TH), also located on chromosome 11
(11p15.5). These and other genes involved in pig-
mentation may be a cause for genetic heterogeneity of
melanoma [25–27]. The precise mechanisms of how
pigmentation genes are involved in melanoma and
PD remain to be understood but possible inferences
can be made from existing studies. Dopaminergic
neurons and melanocytes contain melanin and neu-
romelanin respectively, but the synthesis of both
pigment types begins with tyrosine and proceeds via
formation of 3, 4-dihydroxyphenylalanine (DOPA).
The pigmentation-related genes that play a role in
the synthesis of DOPA and the subsequent prod-
uct dopaquinone play an important role both in DA
synthesis in nigral neurons and in the synthesis
of melanin in melanocytes, suggesting that neu-
romelanin and melanin pathways may constitute a
fundamental linkage between PD and melanoma.

Role of melanin in melanoma

The higher incidence of melanoma in light skinned
people than in dark skinned populations suggests
that melanin may play a protective role in melanoma
[28, 29]. This is also supported by the observations
that high melanin density is associated with reduced
development of melanomas and other cancers that
are sun-induced [28] whereas low melanin density
such as in the upper arms is linked to increased inci-
dence of melanoma [30]. This protective effect of
melanin may be explained by the ability of melanin
to absorb or scatter the UVR, dissipating the UVR
energy and preventing DNA damage, which leads
to malignant melanoma and other skin cancers. It
has been reported that levodopa, an intermediate in
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Fig. 1. Genes responsible for melanoma and PD. A) CYP2D6 or GSTM1, VDR, MC1R gene alterations are found in both PD and Melanoma,
providing a potential link between PD and Melanoma. B) Mutations in parkin, �-synuclein, LRRK2, DJ-1, and other PARK genes may
underlie the co-occurrence of PD and Melanoma. TRPM7 and p53 are additional genes altered in PD and melanoma.

the biosynthesis of the pigment melanin, selectively
inhibits the growth of human melanoma cells but not
of non-pigmented control cells [31], suggesting that
induction of melanin synthesis correlates with inhibi-
tion of cell proliferation [31, 32] and also suggesting
another mechanism by which high melanin levels
may lead to a reduction in the susceptibility of cells
to develop into melanoma Fig. 2.

Role of neuromelanin in PD

In the SN, neuromelanin is responsible for the
dark pigmentation of the dopaminergic neurons. In
the brains of PD patients, loss of these dopaminergic
neurons causes decreased levels of neuromelanin in
the SN, but there has been no correlation reported in
the levels of neuromelanin in the SN of PD patients
of different race. It has been suggested that neu-
romelanin formation may be neuroprotective because
it can scavenge toxic dopaquinone and help in

sequestering metal ions such as copper, iron, cad-
mium and manganese [33, 34] in human nigral
neurons. Lack of neuromelanin makes the neurons
more susceptible to oxidative stress [35, 36] and leads
to impairment of motor function [35]. The lower
occurrence of PD in the black population than in
Caucasian populations suggests that, in analogy to
the higher cutaneous melanin synthesis, there may
be a higher neuromelanin synthesis in the black pop-
ulation, enhancing the protective effects in the SN
against external toxic substances [35, 36].

It has also been suggested that melanosis (exces-
sive production of melanin) might protect against
both PD and melanoma. This is supported by stud-
ies that show a negative association between tobacco
smoking and PD [37, 38]. In smokers, melanosis
occurs as a result of increased melanin synthesis
[39, 40] because nicotine can stimulate activity of
melanocytes and production of melanin or the capa-
bility of melanin to bind to noxious substances
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Fig. 2. Schematic representation of possible mechanisms that can
explain the co-occurrence of PD and melanoma.

generated by tobacco smoke [39, 40]. Increased
melanosis in smoking PD patients therefore may
explain the protective effect of smoking against PD.

RISK FACTORS FOR PD AND
MELANOMA

Although the exact mechanisms underlying PD
are unknown, both genetic and environmental fac-
tors can be involved in disease development. Current
studies show that mitochondrial dysfunction lead-
ing to the production of reactive oxygen species
(ROS), impaired clearance of proteins such as �-
synuclein from the cytoplasm and induction of
inducible NO-synthase (iNOS) in the SNpc are some
major mechanisms underlying PD. Mutations in �-
synuclein [41], leucine-rich repeat kinase 2 (LRRK2)
[42] and possibly ubiquitin carboxy-terminal hydro-
lase L1 (UCHL1) [43] cause autosomal-dominant
forms of familial PD, whereas mutations in parkin
[44], DJ-1 [45] and phosphatase and PTEN-induced
kinase 1 (PINK1) [46] cause autosomal-recessive
forms of hereditary disease. While the above gene
products are some of the earliest discovered causes
of familial PD, a host of additional genes have been
implicated in the etiology of PD in recent years,
including many proteins involved in intra-cellular
trafficking, auto-phagosomal and lysosomal path-
ways [48–50].

UV radiation (UVR) exposure is believed to be
a major risk factor for melanoma in Caucasians
[51] but its role in the darkly pigmented popula-
tions like African-Americans, who typically develop

melanoma in plantar, palmar, sublingual and mucosal
surfaces that are sun protected, is controversial [52].
It is likely that there are factors other than UV expo-
sure that contribute to the development of melanoma
[53]. Indeed, several different mechanisms have been
linked to the etiology of melanoma in different parts
of the body [54], which further suggests that diver-
gent pathways are involved in the process of disease
development [7].

Family history of melanoma is associated with an
approximately twofold increased risk of melanoma
[55]. The genetic factors that increase the risk of
melanoma can be divided into high-penetrance genes
and low-penetrance genes [56–58]. In families that
have a high risk of developing melanoma, muta-
tions in two high-penetrance genes, cyclin-dependent
kinase inhibitor 2A (CDKN2A) and cyclin-dependent
kinase 4 (CDK4), are the most common cause of
susceptibility [56]. Recent studies have shown that
development of melanoma is also directly related to
changes in low-penetrance genes, such as those cod-
ing for melanocortin-1 receptor (MC1R), a protein
involved in melanin synthesis; GSTM1 (glutathione
S-transferase), an enzyme that catalyzes the detoxifi-
cation of different compounds including carcinogenic
epoxides; and epidermal growth factor (EGF), which
is involved in wound healing and mitogenesis [56].
Inactivating polymorphisms at the cytochrome p450
debrisoquine hydroxylase locus (CYP2D6), which
codes for another enzyme that may play a role
in detoxifying potentially carcinogenic compounds
[56], have also been found in melanoma patients
at very high frequencies [56] and polymorphisms
of the vitamin D receptor (VDR) are also com-
monly found in melanoma patients [57]. PLA2G6
gene (on 22q13.1) variability has been shown to be
associated with melanoma susceptibility [59] and
GNAQ, the gene that encodes an alpha subunit of het-
erotrimeric G proteins, is mutated in 40% of uveal
melanomas [60]. The v-raf murine sarcoma viral
oncogene homolog B1 (BRAF), encodes a RAS-
regulated kinase, B-Raf, that mediates cell growth
[61] and is one of the most frequently mutated pro-
tein kinases in human cancers, with mutations being
particularly common in melanoma.

POSSIBLE MECHANISMS OF THE
CO-OCCURRENCE OF PD AND
MELANOMA

Epidemiological studies have clearly documented
the association between PD but the mechanisms
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underlying this association remain unknown. Some
possibilities are:

Levodopa and melanoma

A number of studies have reported that levodopa
may increase the risk of developing melanoma [62,
63] but this still remains controversial. Levodopa is
a substrate for tyrosine hydroxylase, a key enzyme
in the production of melanin, and melanoma tumor
cells are rich in this enzyme. This raises the pos-
sibility that levodopa may facilitate tumor growth.
There have been several reports demonstrating that
melanoma developed in PD patients at a higher-rate
rate than expected even before onset of symptoms of
PD or the start of dopaminergic therapy. One report
of a patient who had PD and developed melanoma
after the starting of L-dopa therapy [62] suggested
that L-dopa “should not be used in patients with a
history of malignant melanoma or undiagnosed skin
lesion because it may cause activation of malignant
melanoma”. However, systematic analysis of reports
came to the conclusion that the co- occurrence of both
PD and melanoma is a coincidence rather than causal
[64] and that it is unlikely that there is an associ-
ation between L-dopa and induction or progression
of malignant melanoma [65]. The role of levodopa
therapy has been debated in the DATATOP clinical
trial cohort. Observed cases of malignant melanoma
(N = 5) were compared to the published expected val-
ues (N = 1.5) for a standard healthy population. The
standardized event ratio was 3.3 (95% confidence
interval, 1.1–7.8), indicating that incidence of malig-
nant melanoma was higher than expected in this PD
cohort. However, there was no association between
levodopa treatment and the incidence of melanoma
[65]. Collectively, these studies strongly suggest that
there is little link between levodopa-therapy and
melanoma [63–67].

Common genetic associations link PD and
melanoma

Environmental toxins and genes interact and are
presumably involved in PD. Lower detoxification
enzyme activity may play a crucial role in pathogen-
esis of PD [68, 69]. The genes CYP2D6 and GSTM1
encode enzymes that have been reported to play
important roles in responses of cells to endogenous
and/or exogenous reactive intermediates, thereby
influencing the susceptibility of an individual to
developing PD [70, 71]. The presence of null

polymorphism in the GSTM1 gene can result in the
lack of expression of the enzyme, and can cause
neuronal death that may contribute to PD [71, 72].
CYP2D6 is believed to be involved in PD because of
its role in the regulation of drug and toxin metabolism,
but studies linking the relation of PD to CYP2D6 are
inconsistent [71, 72]. It has also been reported that
polymorphisms in VDR are involved in PD patho-
genesis [73]. High frequency of polymorphisms of
CYP2D6 or the polymorphism of VDR and null for
GSTM1 gene, are found in melanoma patients as
well, suggesting that variations in CYP2D6 and VDR
or GSTM1 genes may increase the risk for both
melanoma and PD. In addition it has been shown
that mutations in PLA2G6 are also associated with
both PD and melanoma [74, 75], suggesting a fur-
ther mechanistic link between PD and melanoma
(Fig. 1A).

Melanoma is strongly associated with a phenotype
of fair skin/red hair caused by loss-of-function poly-
morphisms in the MC1R (melanocortin 1 receptor)
gene. One study reported that MC1R is not associ-
ated with the co-occurrence of melanoma and PD
[76] but another study reported that MC1R variant
p.R160W (rs1805008) is marginally associated with
PD and modulated the risk of PD in the Spanish pop-
ulation [77]. A recent study has reported that MC1R
may be protective in the dopaminergic system, sug-
gesting MC1R as a potential therapeutic target for
PD. Since the role of MC1R has already been estab-
lished in melanoma, MC1R may be involved in a
common pathogenic pathway for PD and melanoma
[78]. Another possible mechanism linking cutaneous
(lentigo-maligna) melanoma and PD may be poly-
morphisms in the MC3/MC4 melanocortin receptor
(MC3R, MC4R) genes which might alter signaling
by their ligand, �-melanocyte-stimulating hormone
[79, 80].

Links between mutations of PD-related genes
and co-occurrence with melanoma

Parkin
It has been reported that mutations in the protein

parkin are the most common cause of young-onset
PD [81]. Parkin is also considered a candidate tumor
suppressor, with its gene located on chromosome
6q25-27 [82]. Many studies have demonstrated that
loss of heterozygosity (LOH) in the chromosome
6q25-q27 region is frequently found in many human
cancers including melanoma [83, 84], suggesting
that parkin mutations could be risk factors for both
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melanoma and PD. A recent study has analyzed the
whole parkin exome/genome from 246 melanoma
patients and identified three synonymous mutations,
five non-synonymous and one splice region vari-
ant in parkin in 3.6% of the samples. Analysis
in vitro has showed that wild-type parkin plays
a tumor suppressive role in the development of
melanoma, causing arrest of the cell cycle, apopto-
sis and a reduction in metabolic activity. Potential
parkin substrates in melanoma were also identi-
fied using a mass spectrometry based analysis. It
has been shown that the parkin mutation E28K
impairs ubiquitination of parkin and abolishes its
tumor suppressive activity. Thus data from genomic
sequencing together with in vitro data suggest that
parkin could be a link between melanoma and PD [44]
(Fig. 1B).

Alpha-synuclein
It has been well established that �-synuclein plays

a role in PD pathogenesis [1, 2, 41, 85]. �-synuclein
accumulates within SN neurons, and some reports
indicate that a portion of the protein may be trapped
inside granules of pigments during the synthesis of
neuromelanin, long before neuromelanin depletion
is detectable in PD [86–88]. The peripheral nervous
system (PNS) is also affected in PD, as demonstrated
by the fact that �-synuclein aggregates are found
throughout the nervous system, including the enteric
nervous system, sympathetic ganglia, submandibu-
lar gland, cardiac and pelvic plexuses, the skin and
adrenal medulla [87–89] (Fig. 1B).

The transmembrane protein MART-1 is present
in normal melanocytes and is widely expressed in
malignant melanoma. MART-1 is the most useful
histological biomarker to diagnose melanoma when
compared to HMB-45 and S-100 proteins. HMB-45
is not expressed by 20–40% of metastatic melanomas
and S-100 is less specific as it is expressed in other
malignant tumors [90–92]. It has been shown that �-
synuclein shows positive immunoreactivity in both
MART-1-positive and negative melanoma cells in
many cases, suggesting that �-synuclein might be
another good histological biomarker for the diagnosis
of malignant melanoma [93].

Several studies have reported that �-synuclein is
robustly expressed in melanoma cell lines, primary
and metastatic melanoma tissues and nevus tissues
[93, 94], suggesting that �-synuclein could play a role
in the pathogenesis of melanoma and further suggest-
ing that �-synuclein may cause an increase in the risk
for both PD and melanoma.

LRRK2
It has been reported that abnormally high kinase

activity of mutant LRRK2 mediates neuronal tox-
icity and cell death in PD [95]. The B-raf kinase,
which is believed to cause a significant proportion of
malignant melanoma [61, 75, 96], bears significant
similarity to the LRRK2 kinase domain, implying that
there could be functional analogies between the acti-
vation of the B-raf kinase in melanoma and activation
of LRRK2 kinase in PD-associated neurodegeneration
[75] Fig. 1B.

DJ-1
DJ-1 was identified as an oncogene and mutations

in DJ-1 cause familial PD in an autosomal reces-
sive manner, implying loss of function. It has been
shown that DJ-1 is overexpressed in cancers such as
melanoma and breast cancer [69] raising the possibil-
ity that that DJ-1 mutations associated with PD may
act as a protective factor for developing melanoma in
PD patients (Fig. 1B).

Exposure to pesticides

There is a well-known link between pesticides that
target the mitochondrial electron transfer pathway
and PD, including rotenone and paraquat [97]. It
has been shown that paraquat and rotenone increase
endogenous �-synuclein in SH-SY5Y cells as well
as in SK-MEL-2 cell lines and also increase �-
synuclein levels in virally transduced SH-SY5Y and
SK-MEL2 cells overexpressing WT or A53T mutant
�-synuclein, suggesting that exposure to pesticides
can play a role in development of PD and melanoma
simultaneously [98] (Fig. 2).

The role of rare variants in PD and melanoma

Rare variants analysis across all genes, per gene,
or for any individual variant does not show any
significant trends among different carrier frequen-
cies between controls and PD, in different models
of inheritance, in the following cutaneous malig-
nant melanoma (CMM) risk genes: DCC, BAP1,
KIT, ERBB4, MAPK2, PTEN, TP53 and MITF.
TYR p.V275F which is a rare variant, and is a
pathogenic allele for recessive albinism, was found
to be more common in PD cases than in controls,
suggesting that this might be a new gene in the
dopamine-biosynthetic pathway that could play a role
in susceptibility to PD and, since pigmentation genes
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contribute to CMM, possibly contribute to a link
between PD and melanoma [99].

Transient receptor potential melastatin 7 gene

Transient receptor potential melastatin 7 (TRPM7)
is a cation channel that is nonspecific and has an
enzyme domain [100]. It is expressed in melanoma
cell lines, and is involved in melanocyte survival by
detoxification of intermediates formed as a result of
melanogenesis [101, 102]. A heterozygous variant
of TRPM7 has been reported in some PD patients
with dementia and some Guamanian patients [103]
(Fig. 1B).

Tumor suppressor gene p53

The tumor suppressor gene p53 has been shown
to play a role in human neurodegenerative disorders
like PD. Therefore, chemical inhibitors of p53 may be
effective in suppressing the neurodegenerative pro-
cess in PD [104]. Loss of p53 function occurs in many
human tumors including melanoma [105]. Therefore,
it is possible that there may be reduced risk for PD in
melanoma patients who harbor the inactivating p53
mutations. Factors like p53 that promote one disor-
der while protecting against the other may explain the
fact that comorbidity between PD and melanoma is
imperfect (Fig. 1B).

ENZYMES: A LINK BETWEEN PD AND
MELANOMA

Role of tyrosine hydroxylase in PD and
melanoma

The enzyme tyrosine hydroxylase (TH) is involved
in the conversion of tyrosine to DOPA, the rate-
limiting step in the biosynthesis of DA within
dopaminergic neurons [106, 107]. In PD, there is a
loss of TH in the striatum. The most effective treat-
ment of PD is with the use of DOPA, DA agonists,
or inhibitors of DA catabolism. However, an excess
of cytosolic DA can form reactive intermediates,
such as dopaquinone and reactive oxygen species that
are associated with dopaminergic neuronal cell loss.
Thus TH, an essential enzyme critical for synthesis
of DA, also facilitates the formation of ROS that can
cause oxidative stress leading to neuronal loss in PD
[106]. TH is also found in human melanoma cells
[108]. In skin melanocytes, TH is involved in catalyz-
ing the conversion of tyrosine to DOPA, thereby gen-

erating the substrate and activator for tyrosinase, the
enzyme that catalyzes the first and rate-limiting step
in the biosynthetic pathway of melanin [108] Fig. 2.

Role of tyrosinase in PD and melanoma

Tyrosinase (TYR) is a copper-dependent rate-
limiting enzyme in melanin synthesis within the
melanosomes in the skin [109]. It has been shown
that the activity of TYR is low in white skin and
high in black skin, and it also controls melano-
genesis [109, 110]. In the biosynthetic pathway of
melanin, tyrosinase is involved in catalyzing sev-
eral reactions, including the hydroxylation of tyrosine
to DOPA [111]. Tyrosinase is also involved in the
oxidation of DOPA to dopaquinone, which then
leads to the formation of melanin, eumelanin and
pheomelanin [110, 112]. A number of reactive inter-
mediates, such as dopaquinone, which are generated
during the process of pigmentation, and formation
of melanosomes which are catalyzed by TYR, are
involved in the induction of melanocytotoxicity [110,
112]. Although melanocytotoxicity may lead to the
inhibition of growth in melanoma cells, the exact role
of TYR in the process of malignant change is not well
understood since the activity of TYR varies among
different melanoma tissues [113]. In most pigmented
melanomas, positive TYR activity has been reported,
whereas negative TYR activity occurs in both pig-
mented and non-pigmented melanomas [113]. Thus
the enzymatic activity of TYR does not appear to
reflect the behavior of the tumor cells, suggesting
that TYR activity may not robustly predict the degree
or malignancy of melanoma. It has been shown that
TYR is also involved in the synthesis of neurome-
lanin in SN of mice and humans [113, 114]. In the
mouse brain, the TYR promoter is active through-
out the brain during development, particularly in
the SN of adult brain [115]. A recent study has
also shown that secretion of neuronal TYR is also
involved in the inhibition of apoptosis [116] There-
fore the overexpression of TYR in brain can play
either a neuroprotective role because of the forma-
tion of neuromelanin [33] or play a toxic role due to
the formation of melanin precursors, such as DOPA
and dopaquinone [117] Fig. 2.

α -synuclein: Role in pigmentation

�-synuclein is highly expressed in melanoma cells,
but those cells that express high levels of �-synuclein
generate very low levels of or no melanin pigment



A. Bose et al. / Parkinson’s Disease and Melanoma: Co-Occurrence and Mechanisms 393

[114], which can be explained by �-synuclein’s role
in the reduction of tyrosine hydroxylase activity [107,
108, 118]. Therefore it can be hypothesized that in
the melanocytes from the skin of patients suffering
from PD, increased �-synuclein causes inhibition of
TH, which leads to decrease in melanin synthesis
[109] leading in turn to the increasing the risk for
melanoma.

DA neurons in SN and melanocytes in skin
both express tyrosinase. When excess �-synuclein
accumulates under pathological conditions in DA
neurons, tyrosinase may interact directly with �-
synuclein, causing local modifications that hinder
the physiological functions of �-synuclein [119] and
leading to toxic processes, such as increases in DA
and dopaquinone levels in the cytosol, which then
lead to injury of mitochondria [120] and eventual
death of neurons [121]. Furthermore, increased lev-
els of �-synuclein can interact with dopaquinone
or other DA metabolites to form intermediates that
are toxic, leading directly to neuronal cell death
[121, 122].

AUTOPHAGY DEFICITS IN PD AND
MELANOMA

Autophagy is the process by which cells maintain
cellular homeostasis by digesting damaged proteins
or cellular organelles that are no longer required; the
word means “self-eating”. Defects in autophagy have
been linked to neurodegenerative diseases such as PD
[47–49] and increasing autophagy has been suggested
as a novel therapeutic strategy for PD that could
increase the clearance of aggregated proteins and
organelles such as damaged mitochondria [48, 49,
123]. Recent studies have suggested that autophagy
may be important for tumors [50, 51, 123–125] by
demonstrating that increased autophagy plays a sup-
pressive role in tumor initiation, but promotes the
survival of tumors that are already established. Such
established tumors seem to use increased autophagy
in order to survive periods when the tumors undergo
hypoxic or metabolic stress [124]. A recent report
suggests that melanoma cells exhibit high levels
of autophagy [126]. In contrast, however, defective
autophagy has also been reported in melanoma as
demonstrated by decreased expression of autophagy
genes such as LC3 and Beclin1 [125]. Decrease
of autophagy may also lead to impairment of anti-
gen presentation, leading to melanoma immune
escape and thereby promoting progression [127].

Interestingly, a compound targeting alpha-synuclein
has recently been shown to kill melanoma cells by
dysregulating autophagy [127]. The precise roles of
autophagy in both PD and melanoma remain to be
more thoroughly explored, but autophagy deficits
may provide mechanistic clues into the correlation
between the two diseases.

CONCLUSION

Epidemiological studies clearly demonstrate that
melanoma occurs more frequently among patients
with PD and vice versa, and the increased risk of
melanoma in PD patients does not appear to be depen-
dent on dopaminergic therapy. Mutations or other
alterations in a number of genes/proteins are common
to both PD and melanoma, providing potential mech-
anistic links between the two diseases. These include
factors that contribute to cellular detoxification, to
melanin biosynthesis, to oxidative stress response,
and to cellular trafficking pathways. In addition,
defects in cellular processes such as autophagy and
protein homeostasis may also be involved in disease
co-occurrence. Changes in melanin pigmentation
and/or the enzymes that are involved in synthesis
of melanin are a key area where these otherwise
disparate diseases intersect, and further exploration
of the significance of these pathways in both dis-
eases is warranted. Nevertheless, both melanoma
and PD are clearly multifaceted disorders with both
genetic and environmental risk factors contributing
to their development, and other genetic and bio-
chemical factors that act to reduce risk. It will be
important to understand the various mechanisms by
which these risk factors can be responsible for the
increased risk of melanoma in PD patients and vice
versa, as well as the fact that this co-morbidity is not
inevitable. To this end, it will be useful to develop
assays in vitro and in vivo to clarify the consequences
of altered pigmentation, specific genetic changes,
abnormal autophagy and other pathways that may
underlie the co-existence of the these two critically
important diseases and drive their incidence and
progression.

ACKNOWLEDGMENTS

This work was supported by the Appel
Alzheimer’s Disease Research Institute, NIH
grants R37AG019391 and R01GM117518 (D.E.).



394 A. Bose et al. / Parkinson’s Disease and Melanoma: Co-Occurrence and Mechanisms

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

[1] Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ,
Jakes R, Goedert M (1997) Alpha-synuclein in Lewy bod-
ies. Nature 388, 839-840.

[2] Wakabayashi K, Tanji K, Mori F, Takahashi H (2007)
The Lewy body in Parkinson’s disease: Molecules impli-
cated in the formation and degradation of alpha-synuclein
aggregates. Neuropathology 27, 494-506.

[3] Inzelberg R, Jankovic J (2007) Are Parkinson disease
patients protected from some but not all cancers? Neu-
rology 69, 1542-1550.

[4] Morris LG, Veeriah S, Chan TA (2010) Genetic deter-
minants at the interface of cancer and neurodegenerative
disease. Oncogene 29, 3453-3464.

[5] Becker C, Brobert GP, Johansson S, Jick SS, Meier CR
(2010) Cancer risk in association with Parkinson disease:
A population-based study. Parkinsonism Relat Disord 16,
186-190.

[6] Bajaj A, Driver JA, Schernhammer ES (2010) Parkinson’s
disease and cancer risk: A systematic review and meta-
analysis. Cancer Causes Control 21, 697-707.

[7] Ferrone CR, Ben Porat L, Panageas KS, Berwick M,
Halpern AC, Patel A, Coit DG (2005) Clinicopatholog-
ical features of and risk factors for multiple primary
melanomas. JAMA 294, 1647-1654.

[8] Constantinescu R, Elm J, Auinger P, Sharma S, Augus-
tine EF, Khadim L, Kieburtz K, Investigators N-P (2014)
Malignant melanoma in early-treated Parkinson’s disease:
The NET-PD trial. Mov Disord 29, 263-265.

[9] Elbaz A, Moisan F (2008) Update in the epidemiology of
Parkinson’s disease. Curr Opin Neurol 21, 454-460.

[10] Elbaz A (2016) Prodromal symptoms of Parkinson’s dis-
ease: Implications for epidemiological studies of disease
etiology. Rev Neurol (Paris) 172, 503-511.

[11] Dorsey ER, Constantinescu R, Thompson JP, Biglan KM,
Holloway RG, Kieburtz K, Marshall FJ, Ravina BM,
Schifitto G, Siderowf A, Tanner CM (2007) Projected
number of people with Parkinson disease in the most
populous nations, 2005 through 2030. Neurology 68,
384-386.

[12] Pringsheim T, Jette N, Frolkis A, Steeves TD (2014) The
prevalence of Parkinson’s disease: A systematic review
and meta-analysis. Mov Disord 29, 1583-1590.

[13] Wooten GF, Currie LJ, Bovbjerg VE, Lee JK, Patrie
J (2004) Are men at greater risk for Parkinson’s dis-
ease than women? J Neurol Neurosurg Psychiatry 75,
637-639.

[14] Elbaz A, Bower JH, Maraganore DM, McDonnell SK,
Peterson BJ, Ahlskog JE, Schaid DJ, Rocca WA (2002)
Risk tables for parkinsonism and Parkinson’s disease.
J Clin Epidemiol 55, 25-31.

[15] Taylor KS, Cook JA, Counsell CE (2007) Heterogeneity
in male to female risk for Parkinson’s disease. J Neurol
Neurosurg Psychiatry 78, 905-906.

[16] Marks R (2000) Epidemiology of melanoma. Clin Exp
Dermatol 25, 459-463.

[17] Tucker MA, Goldstein AM (2003) Melanoma etiology:
Where are we? Oncogene 22, 3042-3052.

[18] Olsen JH, Friis S, Frederiksen K (2006) Malignant
melanoma and other types of cancer preceding Parkinson
disease. Epidemiology 17, 582-587.

[19] Olsen JH, Friis S, Frederiksen K, McLaughlin JK,
Mellemkjaer L, Møller H (2005) Atypical cancer pat-
tern in patients with Parkinson’s disease. Br J Cancer 92,
201-205.

[20] Gao X, Simon KC, Han J, Schwarzschild MA, Ascherio A
(2009) Family history of melanoma and Parkinson disease
risk. Neurology 73, 1286-1291.

[21] Bertoni JM, Arlette JP, Fernandez HH, Fitzer-Attas C, Frei
K, Hassan MN, Isaacson SH, Lew MF, Molho E, Ondo
WG, Phillips TJ, Singer C, Sutton JP, Wolf JE, Investiga-
tors NAPs, Melanoma S (2010) Increased melanoma risk
in Parkinson disease: A prospective clinicopathological
study. Arch Neurol 67, 347-352.

[22] Dalvin LA, Damento GM, Yawn BP, Abbott BA, Hodge
DO, Pulido JS (2017) Parkinson disease and melanoma:
Confirming and reexamining an association. Mayo Clin
Proc 92, 1070-1079.

[23] Rumpf JJ, Weise D, Fricke C, Wetzig T, Simon JC, Classen
J (2013) Sonographic abnormality of the substantia nigra
in melanoma patients. Mov Disord 28, 219-223.

[24] Walter U, Heilmann E, Voss J, Riedel K, Zhivov A, Schad
SG, Gross GE, Benecke R, Trcka J (2016) Frequency and
profile of Parkinson’s disease prodromi in patients with
malignant melanoma. J Neurol Neurosurg Psychiatry 87,
302-310.

[25] Duffy DL, Zhao ZZ, Sturm RA, Hayward NK, Martin
NG, Montgomery GW (2010) Multiple pigmentation gene
polymorphisms account for a substantial proportion of risk
of cutaneous malignant melanoma. J Invest Dermatol 130,
520-528.

[26] Halaban R, Cheng E, Zhang Y, Moellmann G, Hanlon D,
Michalak M, Setaluri V, Hebert DN (1997) Aberrant reten-
tion of tyrosinase in the endoplasmic reticulum mediates
accelerated degradation of the enzyme and contributes to
the dedifferentiated phenotype of amelanotic melanoma
cells. Proc Natl Acad Sci U S A 94, 6210-6215.

[27] Gudbjartsson DF, Sulem P, Stacey SN, Goldstein AM,
Rafnar T, Sigurgeirsson B, Benediktsdottir KR, Thoris-
dottir K, Ragnarsson R, Sveinsdottir SG, Magnusson V,
Lindblom A, Kostulas K, Botella-Estrada R, Soriano V,
Juberı́as P, Grasa M, Saez B, Andres R, Scherer D, Rud-
nai P, Gurzau E, Koppova K, Kiemeney LA, Jakobsdottir
M, Steinberg S, Helgason A, Gretarsdottir S, Tucker MA,
Mayordomo JI, Nagore E, Kumar R, Hansson J, Olafsson
JH, Gulcher J, Kong A, Thorsteinsdottir U, Stefansson
K (2008) ASIP and TYR pigmentation variants associate
with cutaneous melanoma and basal cell carcinoma. Nat
Genet 40, 886-891.

[28] Dwyer PK, Mackie RM, Watt DC, Aitchison TC (1993)
Plantar malignant melanoma in a white Caucasian popu-
lation. Br J Dermatol 128, 115-120.

[29] Harbour JW, Brantley MA, Hollingsworth H, Gordon M
(2004) Association between choroidal pigmentation and
posterior uveal melanoma in a white population. Br J
Ophthalmol 88, 39-43.

[30] Dwyer T, Blizzard L, Ashbolt R, Plumb J, Berwick M,
Stankovich JM (2002) Cutaneous melanin density of
Caucasians measured by spectrophotometry and risk of
malignant melanoma, basal cell carcinoma, and squamous
cell carcinoma of the skin. Am J Epidemiol 155, 614-621.

[31] Wick MM (1980) An experimental approach to the
chemotherapy of melanoma. J Invest Dermatol 74, 63-65.



A. Bose et al. / Parkinson’s Disease and Melanoma: Co-Occurrence and Mechanisms 395

[32] Winder AJ, Harris H (1992) Induction of tyrosinase
in human melanoma cells by L-tyrosine phosphate and
cytochalasin D. Exp Cell Res 199, 248-254.

[33] Zecca L, Zucca FA, Wilms H, Sulzer D (2003) Neurome-
lanin of the substantia nigra: A neuronal black hole with
protective and toxic characteristics. Trends Neurosci 26,
578-580.

[34] Enochs WS, Sarna T, Zecca L, Riley PA, Swartz HM
(1994) The roles of neuromelanin, binding of metal ions,
and oxidative cytotoxicity in the pathogenesis of Parkin-
son’s disease: A hypothesis. J Neural Transm Park Dis
Dement Sect 7, 83-100.

[35] De Marco F, Foppoli C, Coccia R, Blarzino C, Perluigi
M, Cini C, Marcante ML (2004) Ectopic deposition of
melanin pigments as detoxifying mechanism: A paradigm
for basal nuclei pigmentation. Biochem Biophys Res Com-
mun 314, 631-637.

[36] Quik M, Bordia T, Zhang D, Perez XA (2015) Nicotine and
nicotinic receptor drugs: Potential for Parkinson’s disease
and drug-induced movement disorders. Int Rev Neurobiol
124, 247-271.

[37] De Palma G, Dick FD, Calzetti S, Scott NW, Prescott GJ,
Osborne A, Haites N, Mozzoni P, Negrotti A, Scaglioni A,
Mutti A, Group GS (2010) A case-control study of Parkin-
son’s disease and tobacco use: Gene-tobacco interactions.
Mov Disord 25, 912-919.

[38] Axell T, Hedin CA (1982) Epidemiologic study of exces-
sive oral melanin pigmentation with special reference to
the influence of tobacco habits. Scand J Dent Res 90,
434-442.

[39] Hedin CA (1991) Smoker’s melanosis may explain the
lower hearing loss and lower frequency of Parkinson’s
disease found among tobacco smokers–a new hypothesis.
Med Hypotheses 35, 247-249.

[40] Yerger VB, Malone RE (2006) Melanin and nicotine: A
review of the literature. Nicotine Tob Res 8, 487-498.

[41] Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehe-
jia A, Dutra A, Pike B, Root H, Rubenstein J, Boyer
R, Stenroos ES, Chandrasekharappa S, Athanassiadou A,
Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin
RC, Di Iorio G, Golbe LI, Nussbaum RL (1997) Muta-
tion in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045-2047.

[42] West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW,
Ross CA, Dawson VL, Dawson TM (2005) Parkinson’s
disease-associated mutations in leucine-rich repeat kinase
2 augment kinase activity. Proc Natl Acad Sci U S A 102,
16842-16847.

[43] Leroy E, Boyer R, Auburger G, Leube B, Ulm G, Mezey
E, Harta G, Brownstein MJ, Jonnalagada S, Chernova T,
Dehejia A, Lavedan C, Gasser T, Steinbach PJ, Wilkinson
KD, Polymeropoulos MH (1998) The ubiquitin pathway
in Parkinson’s disease. Nature 395, 451-452.

[44] Levin L, Srour S, Gartner J, Kapitansky O, Qutob N, Dror
S, Golan T, Dayan R, Brener R, Ziv T, Khaled M, Schueler-
Furman O, Samuels Y, Levy C (2016) Parkin somatic
mutations link melanoma and Parkinson’s disease. J Genet
Genomics 43, 369-379.

[45] Bonifati V, Rizzu P, Squitieri F, Krieger E, Vanacore N,
van Swieten JC, Brice A, van Duijn CM, Oostra B, Meco
G, Heutink P (2003) DJ-1(PARK7), a novel gene for auto-
somal recessive, early onset parkinsonism. Neurol Sci 24,
159-160.

[46] Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM,
Harvey K, Gispert S, Ali Z, Del Turco D, Bentivoglio

AR, Healy DG, Albanese A, Nussbaum R, González-
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Bakker B, Bianchi-Scarrá G, Bressac-de Paillerets B, Cal-
ista D, Cannon-Albright LA, Chin-A-Woeng T, Debniak
T, Galore-Haskel G, Ghiorzo P, Gut I, Hansson J, Hocevar
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